Interferon regulatory factors (IRFs) were first discovered as transcription factors that regulate the transcription of human interferon (IFN)-b. Increasing evidence shows that they might be important players involved in Adaptive immune system (AIS) evolution. Although numbers of IRFs have been identified in chordates, the evolutionary history and functional diversity of this gene family during the early evolution of vertebrates have remained obscure. Using IRF HMM profile and HMMER searches, we identified 148 IRFs in 11 vertebrates and 4 protochordates. For them, we reconstructed the phylogenetic relationships, determined the synteny conservation, investigated the profile of natural selection, and analyzed the expression patterns in four "living fossil" vertebrates: lamprey, elephant shark, coelacanth and bichir. The results from phylogeny and synteny analysis imply that vertebrate IRFs evolved from three predecessors, instead of four as suggested in a previous study, as results from an ancient duplication followed by special expansions and lost during the vertebrate evolution. The profile of natural selection and expression reveals functional dynamics during the process. Together, they suggest that the 2nd wholegenome duplication (2WGD) provided raw materials for innovation in the IRF family, and that the birth of type-I IFN might be an important factor inducing the establishment of IRF-mediated immune networks. As a member involved in the AIS evolution, IRF provide insights into the process and mechanism involved in the complexity and novelties of vertebrate immune systems.
Introduction
Adaptive immune system (AIS) likely evolved twice in vertebrates: one event occurred approximately 500 million years ago in jawed fish, characterized by immunoglobulin family (Schluter et al., 1998) , and the alternative adaptive system was unexpectedly discovered in jawless fish (Pancer et al., 2004) , characterized by a variable lymphocyte receptor (VLR) family. It is still unclear that how AIS arose and joined to the existed innate immune system during vertebrate evolution. During the process, many immunity genes have their evolutionary fate changed and become function to communicate between AIS and the innate immune system, which may provide clue to this transition. Among, interferon regulatory factor (IRF) as an important member in toll like receptor (TLR) signing pathway within innate and adaptive immunity would be of highly interest. Ikushima et al., 2013) .
The original members of the IRF family, two proteins (IRF-1 and IRF-2) were identified as regulators of the transcription of the human interferon (IFN)-b gene (type I IFN) Miyamoto et al., 1988; Harada et al., 1989) . These transcription factors, although important in regulating responses to viral infections, are also involved in cell growth, differentiation and antitumor defences. Speculatively, they may be also used to a greater extent for other functions in invertebrates. To data, eleven IRF vertebrate family members have been identified (Huang et al., 2010; Nehyba et al., 2009) , and similar protein architecture to vertebrate IRF have also been identified in Protochordata (Huang et al., 2010; Yuan et al., 2015) . All IRFs contain a well-conserved N-terminal DNA-binding domain (DBD) of~115 amino acids, which contains a motif of 5 tryptophan residues that are each separated by 10e18 amino acids (Harada et al., 1989; Taniguchi et al., 2001) . The domain formed is likely a helix-turn-helix domain, which recognizes and binds to a tandem repeat of core DNA sequences (Fujii et al., 1999) . In addition to the DBD, most IRFs contain an IRF-association domain, either type 1 (IAD1) or type 2 (IAD2), in the C-terminal (Qin et al., 2003; Meraro et al., 1999) , which is responsible for homo-and heteromeric interactions with other IRF family members or transcription factors .
Previous phylogenetic analyses have indicated a phylogeny change of IRF at some point close to the first vertebrate, i.e., where AIS arise. It was suggested that the IRF family separated very early into two branches for they are present in all bilaterians and cnidarians. Close to the appearance of the first vertebrate, the IRF family probably expanded to four family members (Nehyba et al., 2009) . Although the details and evidence continue to be collected, the four predecessors likely evolved into the four group of vertebrate IRFs, IRF1-G (IRF1, IRF2), IRF3-G (IRF3, IRF7), IRF4-G (IRF4, IRF8, IRF9, IRF10), and IRF5-G (IRF5, IRF6), following the 2-fold duplication of the entire genome (2WGD) (Nehyba et al., 2009; Smith et al., 2013) .
In addition to the phylogeny change close to the point where AIS arise, vertebrate IRFs seem to obtain new functions working at the interface of innate and adaptive immune responses. IRF3, IRF5, and IRF7 are phosphorylated by TBK1, resulting in the induction of type I IFNs (Ikushima et al., 2013; Seth et al., 2006; Feng et al., 2015) , which not only block virus replication in the innate immune system, but also interact with and regulate target cells involved in AIS (e.g.,T cells, B cells and Th10 cells) (Gonz alez-Navajas et al., 2012; Axtell et al., 2010) . IRF-1, a regulator of interferon-b gene expressed in the innate immune system, was also found regulating Th1 differentiation (Taki et al., 1997) . IRF4, functional in the negative feedback regulation of TLR signaling (Negishi et al., 2005) , is also involved in the transformation of human B lymphocytes (Xu et al., 2008) and the differentiation of mucosal T helper 17 cells in the adaptive immune system (Persson et al., 2013) .
Given the phylogeny change at the point corresponding to the arise of AIS and the roles it plays in both of the innate and adaptive immune system, IRF likely to be one of the immunity genes involved in AIS evolution. To better understand the evolution of vertebrate immune systems and the functional mechanism of IRFs, it is critical to unravel the evolutionary history and functional divergence of IRFs during the early evolution of vertebrates. The recently decoded genomes of certain "living fossil" vertebrates, i.e., lamprey (Smith et al., 2013) , elephant shark (Venkatesh et al., 2014) , coelacanth (Amemiya et al., 2013) , spotted gar (Amores et al., 2011) and bichir (Liandong Yang and Shunping He, unpublished data) , provide such an opportunity.
In the present study, we conducted a comparative genomic and transcriptome analysis of the IRFs in the "living fossil" vertebrates, other vertebrates and protochordates. Our primary goal was to reveal the evolutionary history and function divergence of vertebrate IRFs though analyzing the phylogeny pattern, selection pressures and expression difference.
Results

Evolutionary patterns of IRFs
Using IRF HMM profile and HMMER searches, we identified a total of 148 IRF genes in 11 vertebrates and 4 protochordates: 9 in human (Homo sapiens), 9 in mouse (Mus musculus), 8 in chicken (Gallus gallus), 8 in anole lizard (Anolis carolinensis), 12 in western clawed frog (Xenopus tropicalis), 11 in coelacanth (Latimeria chalumnae), 13 in zebrafish, 11 in spotted gar (Lepisosteus oculatus), 11 in bichir (Polypterus senegalus), 8 in elephant shark (Callorhinchus milii), 6 in lamprey (Lampetra japonica), 9 in Chinese amphioxus (Branchiostoma Belcheri), 18 in Florida lancelet (Branchiostoma floridae), 8 in vase tunicate (Ciona intestinalis) and 7 in solitary sea squirt (Ciona savignyi) (Table S1 ). Lamprey IRFs, unlike the others identified using genome resources, were identified using transcriptome data (Table S2 ) because we identified only one IRF sequence in the lamprey genome (sea lamprey, http://www.ensembl.org), most likely because of the low sequencing depth (5.0X). We aligned protein sequences of the 148 IRFs, and as shown in previous studies (Takaoka et al., 2008; Qin et al., 2003) , the sequences varied greatly but the DBD was conserved, particularly the five tryptophan motif, although in the Protochordata, the first tryptophan has some -"substitutions", primarily with phenylalanine (Supplementary text-148 IRFs alignment.txt), which is consistent with a previous study (Yuan et al., 2015) .
To determine the evolutionary history of these IRFs, we reconstructed the phylogenetic relationships using a Bayesian approach. The results were consistent with previous studies (Nehyba et al., 2002 (Nehyba et al., , 2009 ): vertebrate IRFs can be separated into four groups, IRF1-G (IRF1, IRF2), IRF3-G (IRF3, IRF7), IRF4-G (IRF4, IRF8, IRF9, IRF10), and IRF5-G (IRF5, IRF6), each of the groups was supported by a Bayesian posterior probability greater than 0.9 (Fig. 1) . Whereas protochordates IRFs, although some are close to vertebrate IRF1-G, are basically outside of the vertebrate four-group frame.
To date the origin of the "four-group pattern" in vertebrate IRFs, we first used tetrapod IRFs to frame this pattern ( Fig. 2A) and then added the IRFs of one species at each time to the frame to enable a comparison (Fig. 2BeI) . Based on the results, the four-group pattern was found for tetrapod, Osteichthyes (coelacanth, bichir, spotted gar and zebrafish) and elephant shark IRFs but not for those of the lamprey, the sea squirt and lancelet. Hence, the four group pattern apparently emerged before the divergence of Chondrichthyes and bony vertebrates. The lamprey, unlike the jawed vertebrate or protochordates, specially possessed IRFs that could be subdivided into 3 groups (Fig. 2G) . Whether the missing group was attributed to sequence miss or low expression was undetermined as the resource used here was transcriptome instead of genome. As shown in Fig. 2 , IRF5 and IRF6 were apparently split before the divergence of Chondrichthyes and bony vertebrates. After the divergence of Chondrichthyes and bony vertebrates, the splits between IRF3 and IRF7, IRF4 and IRF10, and IRF8 and IRF9 occurred.
IRF11 was found in Osteichthyes (latirf1a, bic8, garirf1a, zebirf1a), elephant shark (e_s7) and lamprey (lam2) but absent in tetrapods (Fig. 2) . This distribution was consistent with a previous study (Shu et al., 2015) . Beside IRF11, IRF10 and IRF5 were absent in anole lizard, IRF10 and IRF9, in chicken, IRF10, in human and mouse, indicating that they may have lost during the lineage evolution.
In contrast to the lost of IRFs, double IRF3 and IRF6 were found in western clawed frog, and double IRF2, in zebrafish.
Conserved synteny in vertebrate IRFs
In the expansion of vertebrate IRFs from 4 predecessors to the 10 current family members, a contribution from a 2-fold duplication of the entire genome (2WGD) has been proposed (Nehyba et al., 2009) . If this hypothesis is true, then patterns of intragenomic synteny will be reflected. Therefore, we tested the hypothesis by examining the physical linkage arrangements of the 10 IRFs and characterizing the patterns of conserved synteny among vertebrates. Four "living fossil" vertebrates (i.e., elephant shark, spotted gar, coelacanth, and western clawed frog) were included in the analysis.
The results (Fig. 3 ) revealed IRF1 and IRF2 were both flanked by genes SLC22 and ACSL, which indicated conserved synteny for IRF1-G (IRF1, IRF2).IRF4 and IRF8 were both flanked by genes DUSP22 and FOX, which indicated conserved synteny for IRF4-G (IRF4, IRF8, IRF9, IRF10). However we didn't find any flanking gene shared by IRF3 and IRF7, or IRF5 and IRF6, hence failed to support the conserved synteny for group IRF3-G (IRF3, IRF7) and IRF5-G (IRF5, IRF6) respectively. Intriguingly, IRF5 and IRF7 were found both flanked by gene CDHR, which implied that IRF3-G and IRF5-G may share one conserved synteny. Therefore, we suspect that IRF3, IRF7, IRF5 and IRF6 may evolved from one predecessor, and defined IRF3-G and IRF5-G together as one group IRF3&5-G for the following analyses.
Positive selection
Positive selection often drives gene family expansions. Detecting the positively selected sites in protein sequences and mapping them to the 3D structures also help to understand gene functional mechanisms (Wu et al., 2009; Fang et al., 2015) . To identify the profile of natural selection in IRF expansions, we employed PAML in site models, which compares dN/dS value to 1 using likelihood ratio tests to detect positive selection (dN/dS > 1) and purifying selection (dN/dS < 1) Nielsen and Yang, 1998) . Two strategies were used. In the first strategy (Table S3 and Fig. S2 ), IRFs of Ciona savignyi, Chinese amphioxus, lamprey, elephant shark, spotted gar, coelacanth, western clawed frog, and anole lizard were grouped and tested respectively. Of the species tested, only the IRFs of elephant shark reflected remarkable positive selection (Table S3) , and the positively selected sites (P>95%, Bayes empirical analysis) were most likely in the region between the DBD and the IAD (Fig. S1) . In the second strategy (Table S4 and Fig. S3 ), IRF1-IRF11 were grouped and tested respectively in vertebrate. For protochordate, IRFs were subdivided into 2 groups, nonV1 and nonV2, according to the phylogenetic distance. Positively selected sites (P>95%, Bayes empirical analysis) were detected in IRF2, IRF3, IRF5 and IRF9, with the sites in the middle of sequences and most likely between the DBD and the IAD regions (Fig. S3) . Additionally, an intriguing phenomenon was found in each of the vertebrate IRF groups: at least one member, IRF2 for IRF1-G, IRF3 for IRF3&5-G, and IRF4 for IRF4-G, possess predominant sites with u value lower than 1, which indicated that these members experienced purifying selection pressure (Fig. S3) .
Both strategies identified considerable heterogeneity in the profiles of postmean u values for each site (Figs. S2 and S3). The DBD region was under apparent continuous purifying selection, consistent with its conserved sequence, whereas the selection pressures on non-DBD regions were comparatively dynamic across members and species. Notably, as shown in Fig. S2 , the lamprey profile was somewhat similar to those of Ciona savignyi and Chinese amphioxus (Fig. S2) , which indicated that the IRFs of these species might have experienced similar selection pressures.
Expression divergence
The pattern of expression is an important clue in the exploration of gene function. Comparative expression analyses of orthologous IRFs shared between the "living fossil" vertebrates can also shed light on the functions of IRFs in ancestral vertebrates and on the functional diversity during the evolution of IRFs following duplication events.
First we investigated the different expression of IRFs across tissues in lamprey, elephant shark, bichir and coelacanth respectively. Transcript abundances are measured using transcripts per million (TPM; Fig. 4 ). With this measure, the transcript abundances among tissues of the identical species could be reasonably compared (Li and Dewey, 2011) . For lamprey (Fig. 4A) , the gill had the highest and broadest expression of IRFs compared to other tissues like brain, gill, heart, kidney and liver. For elephant (Fig. 4B) , the spleen was the tissue with the highest and broadest expression of IRFs. Among the IRF members, IRF1 expressed the most dominantly. This situation is similar to that in bichir (Fig. 4C ). For coelacanth (Fig. 4D) , the fins (pectoral and pelvic fins), as nonimmune organs, intriguingly express IRFs dominantly, with IRF2 and IRF6 dramatically expressed.
In addition to the expression comparison within species respectively, we also tried to analyze IRFs expression across species. To this aim, we normalized the TPMs (log 2 (xþ1) transformed, the same to the followings) using a scaling procedure adapted from a previous study (Brawand et al., 2011) . First, 6522 1:1:1 orthologs of elephant shark, bichir and coelacanth were ranked according to the TPM value, among them we identified the 600 orthologs with the most conserved ranks across the species. Then, we assessed the median TPM value for the 600 orthologs in each species to derive scaling factors that adjusted these medians to a common value. These factors were used to scale the TPMs (log 2 (xþ1) transformed) of all IRFs in each tissue of each species. Finally, we constructed a heat map of the expression of IRFs with data clustered based on Pearson distance.
In the heat map (Fig. 5) , rather than tissues, species were clustered together. However, the spleens of elephant shark and bichir were still close to each other. Additionally, the brain of elephant shark was located outside the cluster of other elephant shark tissues, implying a special immune character of brain from other tissues in elephant shark. IRF members with close phylogenetic relationships diverged (Fig. 5) . Additionally, it is interesting to notice that IRF11 seems to prefer expression in fins (pectoral and pelvic fins) and gill.
Discussion
During the AIS arise and join to the innate immune system in vertebrate evolution, many immunity genes have their evolutionary fate changed and work to communicate between the innate and adaptive immunities. Among them, IRF. Hence, setting IRF as a model to study provides a glimpse to the process of the huge immune system transition in vertebrate, and also improves our insight to the immune system.
In the present study, we identified a total of 148 IRFs in 11 vertebrates and 4 protochordates. Reconstruction of the phylogenies of these IRFs revealed a distinct 4-group phylogeny pattern in vertebrates other than in protochordates (Fig. 1) . Each of the groups was hypothesized by Ji rí Nehyba, Radmila Hrdli ckov a and Henry R. Bose might have evolved from one predecessor IRF gene in the first vertebrate, as a result of the 2-fold duplication of the entire genome (2WGD) (Nehyba et al., 2009 ). However, our study failed to support the sharing synteny for group IRF3-G and IRF5-G respectively, instead there was a sign of sharing synteny between them. Hence we suspect they might evolve together from one common ancestor instead of two. Therefore we defined them together as one group IRF3&5-G in our study. Combining the phylogeny reconstruction with the synteny results (Figs. 2 and 3) , we inferred that during the 2WGD, three vertebrate IRF predecessors duplicated to six family members, as the predecessors to IRF1, IRF2, IRF7, IRF5, IRF8 and IRF4 respectively. Meanwhile, IRF11 was born. After that and before the divergence of Chondrichthyes and bony vertebrates, IRF6 was split from IRF5. Then after the Chondrichthyes-bony vertebrates split, IRF3 was split from IRF7; IRF10, from IRF4; and IRF9, from IRF8. During the expansion of vertebrate IRFs, some members doubled in specific linage, for example, IRF3 and IRF6 are doubled in western clawed frog, and IRF2, in zebrafish.
Positive selection may have driven the expansion of the vertebrate IRFs. We detected significant sign of positive selection in IRF3, IRF5 and IRF9 (Figs. S2 and S3) . For other IRFs, even though didn't passed the significant test, sites with dN/dS value > 1 were predominantly found. The positively selected sites were primarily located in the middle of IRF sequences and were most likely between the DBD and the IAD regions (Figs. S2 and S3) , suggesting a novel focus for research on the structure and functions of IRFs.
During the expansion, the function diverged. As shown in the expression profiles of the "ancient vertebrates" (Fig. 5) , species, instead of tissues, were clustered together. Even though this could be a result of the failure of normalizing strategy, the immune tissue spleen was still clustered together, indicating a conserver immune function IRFs play in spleen. IRF members in one group tend to diverge (Fig. 5) , revealing different expression pattern from their group members. This result indicates that the function diverged during the vertebrate IRF expansion. Even though multiple functions beside immunity, like those related to cell growth and differentiation, were discussed before, it is still worth to notice some intriguing functional indication of IRFs revealed in our study. For example, IRF7 were found expressed dramatically in coelacanth testis. Given that IRF9 has been reported have evolved into the master sex-determining gene in rainbow trout (Oncorhynchus mykiss) (Yano et al., 2012) , it would be very interesting to keep an eye on the sex related role IRFs may play. IRF6 were found highly expressed in coelacanth pectoral and pelvic fin, in agreement with a previous study which revealed the function of IRF6 related to limb morphogenesis. IRF11 were found preferentially expressed in fin and gill. Moreover, it was absent in the tetrapod lineage. Together, they may imply that IRF11 might be associated with the resistance of waterborne viruses and have lost during the vertebrate transition from water to land.
Although we have found positive selection drove the expansion of vertebrate IRFs, at least one member in each of the three groups have undergone purifying selection. This result indicate that they might be the ancient function keeper for the IRF family, thereby freeing the rest members from purifying selection pressure to evolved new functions. Following the expansion of IRF in vertebrate, some IRFs have subsequently lost in special linage. Beside the lost of IRF11 mentioned above, IRF10 and IRF5 were also absent in anole lizard, IRF10 and IRF9, in chicken, IRF10, in human and mouse, indicating they were unnecessary for existence in their new environment. It is reported that gene with a dispensable function or interact with few other genes are more likely to be lost in evolution (Krylov et al., 2003) . In addition, IRFs were proposed to function as on/off switches that activated different numbers of individual IFN genes to increase the production of IFN (Levy et al., 2003) . Hence, speculatively, the later joined IRF might work at the peripheral as the ultimate and uncommonly used switches for more IFN production, reporting red alert to immune effectors to induce a highercost immune response (Iwasaki and Medzhitov, 2015) , with the increased risk of an immune overreaction (Graham et al., 2006a,b) .
Compared to the considerable expansion of IRFs in jawed vertebrates, it is also worth to notice that lamprey was only identified with limited number of IRFs (Fig. 2H) . In addition, lamprey IRFs possess broad sites with u value less than 1, similar to the protochordates IRFs other than the jawed vertebrate IRFs (Fig. S2) . Given that both lamprey and Protochordata lack type I IFN (Kasamatsu et al., 2010; Wang, 2013) and that the IRFs of jawed vertebrates have important roles in regulating the induction of type I IFN, we infer that the birth of type I IFN in a jawed animal might play an important role in the expansion of IRFs.
As one of the immunity gene involved in AIS evolution, IRF provide us a glimpse to the process. The 2WGD provided raw materials for the innovation and complexity of the immune system. Positive selection drove the expansion and function divergence of the family, while purifying selection kept the ancient essential function. Many pressures have been discussed may drove the evolution of AIS, like that the advent of jaws led to ingested material that injured the intestine, with the resulting massive infections generating strong selection pressure (Matsunaga and Rahman, 1998) , or that the pressures were from the demand for immune defense by large, predatory jawed vertebrates that bore few offspring (Flajnik and Kasahara, 2010) . The case of IRFs may provide a different perspective: incorporating of new genes (like type-I IFN) introduce new interaction, thus, new pressure to the existed network, challenging it to innovate.
Materials and methods
Fish sampling, RNA extraction, and sequencing of lamprey transcriptome
All animal experiments were performed with the approval of Institute of HydroBiology, Chinese Academy of Sciences. A wild lamprey (Lampetra japonica) was collected from Fuyuan, Heilongjiang Province, China. The RNA from five organs (brain, gill, heart, kidney and liver) were extracted and sequenced respectively. RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) with the degradation and contamination monitored on 1% agarose gels and the purity checked using the NanoPhotometer spectrophotometer (IMPLEN, CA, USA). Sequencing libraries were generated using NEBNext Ultra RNA Library Prep Kit for Illumina (NEB, USA) following manufacturer's recommendations and index codes were added to attribute sequences to each sample. The clustering of the index-coded samples was performed on a cBot Cluster Generation System using TruSeq PE Cluster Kit v3-cBot-HS (Illumia) according to the manufacturer's instructions. After cluster generation, the library preparations were sequenced on an Illumina Hiseq 2500 platform and paired-end reads were generated (125bp read length). The raw data have been deposited into the National Center for Biotechnology Information (NCBI) Sequence Read Archive database (Accession No. SRP071701).
De Novo assembly of lamprey transcriptome
Raw reads was first preprocessed and filtered to obtain clean reads. In this step, reads containing adapter, reads containing ploy-N and low quality reads (reads with over 50 percent base have Qphred smaller than 5) were removed (Table S6 ). Subsequently, the left files from all samples were pooled into one big left.fq file, and right files into one big right.fq file. Transcriptome assembly was accomplished based on the left.fq and right.fq using Trinity (Grabherr et al., 2011) with min_kmer_cov set to 2 by default and all other parameters set default. 277,139 transcripts were generated with a median length of 349 bp and an N50 of 1162 bp. For redundancy transcripts, the longest possible one was retained. Finally, 234,951 unigenes with a median length of 329 bp and an N50 of 738 bp were obtained (Fig. S4 ).
CDS prediction of lamprey transcriptome
To obtain coding sequence (CDS) from the assembled unigenes, first, all unigenes were blasted (Camacho et al., 2009 ) to the NR (http://www.ncbi.nlm.nih.gov/) and Swiss-Prot database (Boeckmann et al., 2003) , the ORF (open reading frame) information was then extracted according to the BLASTX results. In this step, 24,077 unigenes were annotated to the NR database (Fig. S5 ) and 20.949 were to the Swiss-Prot, finally 23,855 CDSs were obtained. Unigenes failed to be annotated in the step were then scanned by ESTScan software (3.0.3) (Iseli et al., 1999) and generated 163,696 CDSs. Finally, the 187,551 CDSs were translated into amino acid sequences with the standard codon table and used for the identification of lamprey IRF (interferon regulatory factor).
Identification of IRFs
We identified IRFs in the genomes of human, mouse, chicken, anole lizard, western clawed frog, coelacanth, zebrafish, spotted gar, bichir, elephant shark, Chinese amphioxus, Florida lancelet, Ciona intestinalis and Ciona savignyi and in the transcriptome of lamprey (Table S2 ). To identify the IRFs, first, we downloaded the HMM profile of IRF from Pfam 27.0 (Finn et al., 2014) and then used it as a query to perform HMMER searches (HMMER v3.1b2, http:// hmmer.janelia.org) against those genomes (parameter E ¼ 0.01). For the genes identified that had alternative splicing, we retained the longest protein product. All the candidates were then aligned in protein sequences using MUSCLE 3.8.31 (Edgar, 2004) . After DBD regions were confirmed, a total of 148 IRFs were identified (File S1).
Phylogenetic reconstruction of IRFs
In the present study, phylogenetic relationships ( Figs. 1 and 2) were all reconstructed using a Bayesian approach as implemented in the program MrBayes v3.1.2 (Ronquist and Huelsenbeck, 2003) .
Before the Bayesian reconstructions, we used MUSCLE 3.8.31 (Edgar, 2004) to align protein sequences and used ProTest 3.4 (Abascal et al., 2005) to select the best-fit protein model for each alignment. In the Bayesian reconstruction for the 148 IRFs (Fig. 1) , two simultaneous, independent runs were performed for 10 Â 10 6 iterations of a Markov Chain Monte Carlo algorithm, with six simultaneous chains and sampling trees every 1000 generations, resulting in 10,000 trees. The first 5000 trees were "burned in," and the average standard deviation of split frequencies remained 0.01 after the burn-in threshold. Similarly, in the Bayesian reconstruction for tetrapod IRFs ( Fig. 2A) and mixed species IRFs (Fig. 2BeI) , four simultaneous chains were used with sampling of trees every 500 generations; the last 1000e4000 trees were retained for final tree construction, and the average standard deviation of split frequencies all remained 0.01 after the burn-in threshold (Table S5 ).
Investigation of synteny
We investigated the synteny of IRFs using gene sets information for each species (GTF format) provided in Ensembl (http://www. ensembl.org) (Flicek et al., 2014) .
Detection of positive selection
Signs of positive selection in the IRFs were detected in the study using likelihood ratio tests as implemented in PAML 4.8 Nielsen and Yang, 1998) . To detect a positive sign, five site models, M0, M1a, M2a, M7, and M8, were tested and compared. In each model, different statistical distribution was employed for the u ratio among sites (Yang and Swanson, 2002; Yang and Bielawski, 2000) . Before the PAML detection, we aligned IRF protein sequences using MUSCLE 3.8.31 (Edgar, 2004) and then translated the protein sequences to coding sequences (CDSs) using PAL2NAL (Suyama et al., 2006) . The sequences with a large deletion compared with the other sequences were excluded from each analysis.
Analysis of expression
We investigated the expression patterns of IRFs in lamprey, coelacanth, bichir, and elephant shark using paired-end RNA-seq data. The paired-end RNA-seq data from coelacanth tissues (i.e., gills, kidneys, pectoral fin, pelvic fin, pharynx, tail muscle and testis) were obtained with SRA accessions DRP000627 and SRX189186. Data for elephant shark tissues (i.e., brain, gill, heart, intestine, kidney, liver, muscle, ovary, spleen, and testis) were obtained with SRA054255. Data for bichir tissues (i.e., brain, heart, intestine, kidney, liver and spleen) and lamprey tissues (i.e., brain, gill, heart, kidney and liver) were sequenced in our laboratory (http://sourcedb.cas.cn/sourcedb_ihb_cas/en/expert/pl/200907/ t20090722_2156223.html). RNA-seq data of Lamprey Transcriptome were submitted to SRA database of NCBI with identifier SRP071701. Detailed description of the bichir data will be reported elsewhere (Liandong Yang and Shunping He, unpublished data). Transcript abundance for each tissue was calculated using RSEM 1.2.24 (Li and Dewey, 2011) and measured in transcripts per million (TPM).
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